Abstract: This paper deals with the underlying mechanism of flow resistance in an alluvial channel: the effects of sidewall and bed form on flow resistance. Einstein's divided hydraulic radius approach and Engelund's energy slope division approach are reexamined. These two approaches assume that the shear stress on a mobile bed is the summation of shear stresses caused by skin friction and bed-form. Using a different approach, this paper presents a theoretical relationship between the total bed shear stress with grain and bed-form shear stresses. The contribution of sidewall on the total bed shear stress is also discussed. The authors found that the size of bed-form plays a significant role for the flow resistance, and developed relevant expressions for the length of the separation zone behind the bed-forms. In addition, a systematical approach has been developed to compute the flow velocity in an alluvial channel. This approach is tested and verified against 5989 flume and field measurements. The computed and measured discharges are in good agreement and 83.0% of all datasets fall within the ±20% error band.
Introduction
Estimating flow resistance in an alluvial channel with reasonable accuracy is of great interest to hydraulic engineers. However, the problem remains unsolved despite numerous investigations over the past decades. The difficulty arises because the sidewalls affect the flow resistance. In addition, the bed in an alluvial channel is not fixed but continually undergoes changes in its characteristic geometry and dimensions as a result of the interaction between the flow and bed. Many expressions of side wall corrections have been proposed over the past 90 years but very few are popular among the researchers.
The earliest works related to sidewall correction may be traced back to Horton (1933) , Einstein (1933) and Keulegan (1938) .
Einstein and Barbarossa's (1952) method for flow resistance in an alluvial channel is well-known, and has been termed as the "divided hydraulic radius" approach. This approach first assumes that the hydraulic radius in an alluvial channel can be divided into two major components, i.e., hydraulic radius related to the bank and floodplain, and the other related to the bed, i.e., R = R b + R w
where R = hydraulic radius = A/p; R b = A b /p b ; R w = A w /p w , in which A is the flow area and p is the wetted perimeter; the subscripts b and w denote the bed and wall, respectively. As for the flow in the bed region, the mobile bed resistance depends on many interrelated factors. One of these factors is the skin resistance -a resistance produced by the boundary surface -and is dependent on the depth of flow relative to the size of the roughness elements on the boundary surface. The other main component of flow resistance is the form drag associated with the bed features that set up eddies and secondary circulations.
It is widely accepted that one needs to include both the skin (grain resistance) and form drags for estimating flow resistance in an alluvial channel with bed-form. According to
Einstein's theorem, the bed hydraulic radius R b can be further divided into two components, i.e.,
where R ' = hydraulic radius associated with grain friction and R '' = hydraulic radius associated with sand wave resistance. Therefore, one has
where τ b = bed shear stress, ρ = fluid density; g = gravitational acceleration; and S = flow energy. It can be seen from Eq. 3 that in a uniform alluvial channel flow, S, ρ and g are constant. Thus one is limited to only a single relationship to identify the many different roughness components and the corresponding shear forces (i.e., bank or bed force; grain and bed-form force), i.e. "dividing" the hydraulic radius. There is no rigorous basis to support that the hydraulic radius is divisible (Chien and Wan, 1999, p266). Keulegan (1938) suggested that the bisectors of the internal angles of a polygonal channel could be used as the division lines for delineating the bed and the sidewall areas. 
Comparing Eq. 5 with 1, one may conclude that Eq. 1 is unreasonable since clearly p b /p <1 and p w /p <1. In order to separate the channel and floodplain resistance in an alluvial channel, Einstein assumed that V whole section = V flood plain = V channel where V is the flow velocity. The roughness of a floodplain is normally much larger than that on the main channel, and the water depth on the floodplain is much shallower than that of the main channel. Consequently V flood plain should be slower than V channel . Thus, Einstein's approach of divided hydraulic radius would not be reasonable (Chien and Wan 1999, p.271).
Mindful of the short-comings of "hydraulic radius division" as shown in Eqs. 1 and 2,
Meyer-Peter and Muller (1948), Engelund (1966) and Smith and McLean (1977) proposed an alternative approach by dividing the energy slope into two components
where S' is the energy slope due to grain friction and S" is the component due to the bedform resistance. They argued that the additional energy loss S" is caused by the "sudden expansion" of the flow at the downstream side of sand waves. These two noteworthy approaches (divided hydraulic radius and divided energy slopes) proposed by Einstein and Meyer-Peter and Muller, respectively can be written in a general form:
where τ = mean boundary shear stress; τ w = sidewall shear stress; τ b = bed shear stress =
. According to Einstein's approach,
S. It is to be noted
, respectively. The direct summation of shear stress shown in Eq. 7 is widely accepted by hydraulic engineers as a principle, and this approach of summation of resistance components has been extended to artificial resistance components on a rigid bed (Einstein and Banks, 1950) and natural resistance components with flexible vegetation (Tsujimoto 1996 , for example). However, this approach has not been examined rigorously from the theoretical point of view.
The objectives of this study include 1) to re-examine the influence of sidewall on the flow resistance; 2) to establish the rational basis for summation of composite roughness,
i.e., linear summation of different resistance components acting on the same boundary; 3)
to re-examine the underlying mechanism of flow resistance over a mobile bed, i.e. the hypothesis of hydraulic radius or energy slope division; and 4) to establish the mechanics for different resistance components acting on the same boundary. All in all, validity of Eq.
7 will be investigated and an attempt for establishing flow resistance division corresponding to channel's shape, roughness composition and sand waves will be made.
The Underlying Mechanism for Sidewall Correction
Most natural rivers have floodplains that extend laterally away from the main river channel at a gentle gradient or in a series of terraces. There is always some flow in the main channel, but the floodplains may be dry most of the time except during times of flood. A number of experimental and numerical studies have been performed and a comprehensive review can be found in Shiono and Knight (1991) . Yang (1993) , and Yang and Lim (1997, 1998) proposed that the turbulent energy is always transferred towards the nearest boundary for dissipation, i.e. over the minimum relative distance, which is defined as the ratio of geometrical distance between the source of energy and boundary to the boundary roughness. Thus the flow region can be divided 
However, in the presence of bed-form or vegetation on the floodplain, it is difficult to estimate the floodplain roughness ∆ b . Therefore, it is necessary to establish an equivalent roughness for the bed.
For the case of flow in the main channel only, as shown in Fig. 2 , the sidewalls have significant influence on the river flow resistance due to the narrow and deep geometry.
The physics of sidewall effect could be complicated when one considers the interaction of sidewall and bed-form. The latter is not fixed but changes dynamically in its characteristic geometry and dimension of the bed forms as represented by ∆ b in Eq. 8.
Summation of Resistance for Different Roughness Elements
Consider the equivalent roughness ∆ b of a mobile bed caused by sand-waves or vegetation. ∆ b can be attributed to at least two factors: (1) the skin resistance -a resistance produced by the boundary surface -and is dependent on the depth of flow relative to size of roughness elements along the boundary surface; and (2) the form drag caused by sand waves or vegetations that set up eddies and secondary circulations. , the turbulent energy is mainly dissipated by large eddies in the lee of the sand wave. The energy loss within the length L ' is attributable to the small eddies behind the bed-load particles. Thus, the total energy loss over a sand wave can be expressed as follows:
Equation 10 is free of any assumption and is different from that of Einstein (1933) and Meyer-Peter and Muller (1948) . Dividing both sides of Equation 10 by the sand wave length L, one obtains the expression of energy slope:
where S i = calculated total energy slope, (1933) . This is probably why the approach of Engelund performs best among the existing models and is most commonly used (Bennett, 1995).
Multiplying ρgR b on both sides of Eq. 11, one obtains
where τ b = bed shear stress = ρgR b S; τ ' = grain shear stress =ρgR b S'; τ '' = bed form shear stress =ρgR b S". 
L'/L = L"/L = 1 is assumed; but this assumption is physically unreasonable because L'
and L" are always less than L. Therefore, one could deduce that the widely accepted assumptions or Eq. 7 need to be improved upon.
Expression of Grain and Bed-form Resistance
A comprehensive review of the literature pertaining to grain roughness can be found in Bennett (1995). Generally, the grain shear velocity can be expressed by the following relation, regardless of the size of the roughness elements: (14) Millar (1999) also ascribed the variation of k s ' to the presence of form roughness because it was generally determined by the best fit of the measured data corresponding to experiments with both plane bed, and bed with sand-wave features. Similarly, Eq. 13a
should be also suitable for flow over large roughness element-the protruding large rock, boulders, sand waves or vegetations on the bed. The only distinction between the grain resistance and the form drag is reflected in the size of eddies behind the roughness element in which the turbulent energy is dissipated. The form drag can be approximated
For a sand wave bed, k s '' should be related to the bed-form geometry and Yalin (1972, p. 235) assumed the following functional relationship:
in which f is a function. Van Rijn (1982) considered the average bed-form geometry and obtained:
Eq. 17 can be simplified as follows: Figure 4 shows the relationship between k s '' /δ and the steepness of sand wave δ/L. The data is reproduced from van Rijn (1984c). It can be seen that the agreement between Eq.
18 and the measured data is good and may be acceptable.
In a later development, van Rijn's (1984c) merged the grain roughness with the effective bed-form roughness empirically as follows:
As the length of separation zone behind the roughness element is proportional to the height of sand waves, thus the following assumption may be introduced, i.e.,
where
For ripples and dunes, Engel (1981) and Karahan and Peterson (1980) suggested that α has a value in the range of 4~10.
Determination of the length and height of sand wave
Equation 12 shows that the flow resistance of mobile bed is strongly related to the length (L) and height (δ) of sand waves, which unfortunately are usually not measured in field
measurements. However, to analyze flow resistance of the mobile bed in rivers using the above mentioned method, we have to determine the size of the bed form. There are many empirical equations of the sand wave geometry in the literature. In this study, the sand wave height is determined using Karim's (1999) empirical equations:
for ripples and dunes (23) and 0.73 0.33 The antidunes (or standing waves) wavelength given by Kennedy's (1963) relationship is:
For transitional bed regime, Karim (1999) suggested the following equation to estimate the length of bed form:
where ρ s and ρ are density of sand and water, respectively; and ω = particle settlement velocity. The relationship for bed regime prediction developed by Karim (1995) is also used in this study. The two limiting Froude numbers are defined as:
0.27
The use of F t and F u for different bed regimes may be determined from Froude number as follows:
Lower regime (ripple, dunes):
Transition regime (washed out dunes):
Upper regime (plane bed, antidunes):
A relationship developed by Guy et al. (1966) is used to identify the ripple regime, and is based on the following parameter:
and N * < 80 defines the occurrence of ripples.
Length of separation zone behind sand waves
The coefficient α, i.e., ratio of the length of separation zone to the height of sand wave may be naturally perceived as a variable depending on the magnitude of the flow and the size of the bed forms. Parameters that possibly affect the value of α may include: water depth h, height of sand wave δ, median size of sediment d 50 , gravitational acceleration g, kinematic viscosity coefficient ν and mean velocity V b . The writers are not aware of any formula for the determination of α. We have to determine α indirectly based on readily available measurements/data by using the following equation:
It can be seen from Eq. 35 that if L is overestimated or δ is underestimated, the obtained α could be very large. In this model, the bedform height (δ ) and length (L) are estimated using the empirical equations. Thus it is natural that some discrepancies would creep in estimating δ and L, but the discrepancies could be corrected by using a factor c introduced in Eqs. 23 and 24.
In the following illustration, the coefficient α is calculated using experimental data of Guy et al (1966) in wide channels (b/h>5). This dataset is specially selected because hydraulic parameters such as velocity, energy slope had been measured and tabulated, facilitating ready determine of k s ' using Eq. 14 and k s '' using Eq. 17. Then by using Eqs. .
The parameter u * ' can be determined using the measured energy slope S from (gRS) 0.5 .
Bedform length and height can be determined using Eqs. 23-28. 
The variation of α in the transition regimes (c=1.5) and antidune (c=1) are presented in iterations are required to arrive at the solution.
Calibration
First the proposed model is calibrated using laboratory and field data. Yang (1996) found that for laboratory flume with smooth walls, the division line can be approximately expressed as follows:
0.07 5) The field data of Rio Grande River (293 runs) is also used for the calibration.
In total, 683 experiments are shown in Fig. 7 in which the abscissa is the estimated flow velocity in cm/s and the ordinate is the measured velocity in cm/s. The solid line represents the perfect agreement and the dash lines are the ±20% error band. Good agreement between the measured and calculated flow discharges can be seen. In the calculation process the bed form type was determined based on the Froude number, i.e., F r , F t and F u as well as N * .
For field data, only those of the lower regime (ripple and dune) are readily available. The writers found that the proposed model yields better results if c = 3.5 is applied. The difference is partially due to the fact that the flow channel in the field is not exactly straight and uniform, and consequently the bed-form will be underestimated when Eqs.
23 and 24 are used in the field.
After the sand-wave height is corrected, it can be seen from Fig. 7 The remaining 384 tests were carried out in the lower regime (ripple or dune), and only 6 are out of the ±20% error band. For field data, 293 runs are used for the calibration, only 21 of which are out of the ±20% error band.
Verification
Following the calibration, the proposed model is verified using flume data compiled by Brownlie (1981) . The data set in this database is comprehensive and has complete records of the flow discharge, channel width, flow depth, hydraulic slope, median sediment size, specific gravity of sediment and temperature. Because of the huge number of data points, the data are sub-divided into 4 groups. All data sources are not cited in the reference of this paper as they could be found in Brownlie's (1981) report.
The group 1 database consists of 1185 flume experiments from 14 sources that are listed in Table 2 . The measured and calculated discharges are plotted in Fig. 8 . On average, 77.2% of 1185 runs fall within the ±10% error band, 94.3% of predictions in the ±20% error band and 98% in the ±30% error band.
The group 2 dataset includes 870 sets from 17 sources. The basic hydraulic conditions are shown in Table 3 and the calculated and measured discharges are plotted in Fig. 9 The group 3 dataset includes 1569 sets from 12 sources. The basic hydraulic conditions are shown in Table 4 and the calculated and measured discharges are plotted in Table 5 and the calculated and measured discharges are plotted in Fig. 11 . In the calculation, the sidewall Manning coefficient n w is assumed to be 0.02, or the equivalent Nikuradse roughness is 0.54cm when Eq.9 is applied. In natural rivers, the flow is generally tranquil for Fr<1. The upper flow regime (transition, antidune or standing wave) was not reported in Brownlie's report. As natural rivers are generally very wide and shallow, the water depth h is used to replace the hydraulic radius 2) Variable sidewall roughness. In this verification exercise, the sidewall roughness is assumed to be constant regardless of river geometry. It is apparent that the assumption may not be always true.
3) Non-rectangular channel shape. Since the channel shapes were not recorded in Brownlie's (1981) report, the writers assume that the channels were rectangular which may not correctly reflect the stream cross section.
4) Straight river is rare and a river typically exhibits certain degree of meanderings making the flow parameters considerably more complex and the correction factor would be different from that in laboratory flume experiments.
5) The model employed empirical equations for estimating the bedform length and height, the estimation of α-value is based on these parameters. Certainly the errors in the prediction of bedform size would incur the discrepancy of measured and predicted velocities. This is partially why the velocity in large rivers is over-estimated.
Considering the complexity of natural rivers, the agreement shown in Fig. 11 is indeed encouraging.
Applicability, accuracy and limitations of the proposed model
For easy reference, and to reflect the extensive coverage used in the verification of the proposed model, the range of the pertinent parameters is summarized as follows: The writers believe that the proposed model yields such good results because it is physically based, rigorous and includes the following improvements: (a) appropriate expression of skin roughness and bed-form roughness; (b) sound theoretical derivation of bed shear stress summation, i.e., Eq. 12; (c) appropriate sidewall correction.
However, it should be noted that there are limitations on the prediction of discharge or mean velocity: 1) the predictions in the transition regime are not as good as those in other flow regimes; 2) for lightweight material transport, the predicted results are not as good as the flow with natural sand. One of the possible reasons for these discrepancies could be attributed to the prediction of sand-wave geometry. Further study to improve the prediction of sand-wave geometry would be necessary.
Conclusions
This study investigates the flow resistance in alluvial channels. The authors developed a systematical approach to evaluate the flow velocity using the parameters of flow depth, width, energy slope and sediment size. The proposed model considers the effect of sidewall, sand-wave geometry, sediment size etc. From the results of the verification study, the writers conclude that the proposed method demonstrates a good predictive ability for the discharge or velocity over mobile beds.
The study leads to the following conclusions:
1. The overall hydraulic radius is not equal to the sum of sidewall and bed radiuses as suggested by Einstein. Instead, the flow area could be divided into sub flow area according to Equation 8 .
2. The head losses caused by protruding roughness elements in the stream-wise direction may be summed. The total bed shear stress depends not only on skin and bed-form shears, but also on the bed-form geometry.
3. Since the distinction of grain and bed-form roughness depends on the size of roughness element or eddies behind the roughness, the universal log-law can be used to describe both the grain and bed-form resistance. A value equal to 2d 50 is suggested as the equivalent Nikurads roughness. In the case of form drag, the equivalent roughness depends on the height and steepness of sand wave.
4. The authors demonstrate that the proposed model and the method are particularly convenient for determining the river discharge (or velocity) when only the water level, 
